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OPTICAL FILTER, SOLID STATE IMAGING
DEVICE, AND ELECTRONIC APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. National Phase of International
Patent Application No. PCT/JP2015/065194 filed on May

2’7, 20135, which claims priority benefit of Japanese Patent
Apphcatlon No. JP 2014-118612 filed in the Japan Patent
Oflice on Jun. 9, 2014. The above-reterenced applications 1s
hereby incorporated herein by reference 1n 1ts entirety.

TECHNICAL FIELD

The present technology relates to an optical filter, a solid
state 1maging device, and an electronic apparatus, and
relates particularly to an optical filter, a solid state imaging
device, and an electronic apparatus that make 1t possible to
suppress the occurrence of color mixing.

BACKGROUND ART

In the year 1998, a phenomenon 1 which a metal thin-
film filter (a hole array filter) 1n which openings each with
a size smaller than the wavelengths of visible light are
arranged two-dimensionally and periodically transmits a
wavelength component corresponding to the periodic pat-
tern of the openings with high efliciency was discovered.
Since then, various studies and application uses of the metal
thin-film filter have been proposed (e.g. see Non-Patent
Literatures 1 and 2).

In such a metal thin-film filter, the color and the wave-
length component intended to be transmitted, the transmis-
sion characteristics, the light polarization dependence, efc.
are controlled by the size, shape, and periodic pattern of the
opening. The physical mechanism that determines the trans-
mission characteristics of the metal thin-film filter 1s the
point that an electromagnetic wave 1s transmitted by means
of surface plasmon polaritons (SPPs) 1n which free electrons
of the metal surface are coupled with the electromagnetic
wave. Such a metal thin-film filter processed by periodic
microfabrication 1s widely known as a plasmonic filter.

The plasmonic filter 1s a filter formed of a simple metal
thin-film, and has advantages of high compatibility with a
method of forming a fine structure on a two-dimensional
plane, such as lithography, and high flexibility of the design
of the optical characteristics. Hence, the hole array filter 1s
used for, for example, color filters etc. of charge-coupled
device (CCD) mmage sensors and complementary metal
oxide semiconductor (CMOS) 1mage sensors (e.g. Patent
Literatures 1 to 4 and Non-Patent Literatures 3 and 4).

CITATION LIST
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Non-Patent Literature 2: Barnes, William L., Alain Dereux,
and Thomas W. Ebbesen. “Surface plasmon subwave-
length optics.” Nature 424.6950 (2003): 824-830.

Non-Patent Literature 3: Chen, Qin, and David R S Cum-
ming. “High transmission and low color cross-talk plas-
monic color filters using triangular-lattice hole arrays 1n

aluminum films.” Optics express 18.13 (2010): 14056-
14062.

Non-Patent Literature 4: Yokogawa Sozo, Stanley P. Burgos,
and Harry A. Atwater. “Plasmonic color filters for CMOS
image sensor applications.” Nano letters 12.8 (2012):

4349-4354.

SUMMARY OF INVENTION

Technical Problem

The transmission characteristics of the plasmonic filter are
determined by the synthesis of various transmission modes
ol electromagnetic waves. For example, 1n the hole array
filter, which 1s a kind of plasmonic filter, there 1s a trans-
mission mode 1n which light i1s optically transmitted (here-
iafter, referred to as a photonic mode), as well as a
transmission mode by means of the surface (locally present)
(hereimafiter, referred to as a plasmonic mode).

In the case of a long wavelength relative to the size of the
opening arranged in the hole array filter, light cannot be
transmitted as light through the hole array filter. On the other
hand, 1n the case of a short wavelength relative to the size
of the opening, light can be transmitted as light through the
hole array filter.

For example, 1n a hole array filter formed of an Al
thin-film with its surface coated with S10,, 1n order to
transmit light of a wavelength of 600 nm as plasmons, 1t 1s
necessary to set the diameter of the opening (the opening
diameter) to approximately 200 nm. On the other hand,
when the opening diameter 1s 200 nm, light of a wavelength
of 450 nm or less, such as ultraviolet light or blue light, 1s
transmitted as light through the hole array filter. That 1s, in
the conventional plasmonic filter, there has been a fear that
color mixing will occur due to wavelength components on
the short wavelength side relative to the desired transmission
component.

The present technology has been made 1n view of such
circumstances, and makes 1t possible to suppress the occur-

rence ol color mixing due to wavelength components on the
short wavelength side relative to the desired transmission
component.

Solution to Problem

According to an aspect of the present technology, an
optical filter includes: a metal thin-film filter 1n which a
plurality of openings are periodically arranged; a first dielec-
tric layer coating a surface of the metal thin-film filter and
formed so as to coat or fill an interior of the opening of the
metal thin-film filter; and a second dielectric layer having a
refractive index lower than a refractive index of the first
dielectric layer and formed at least on an 1ncidence surface
side of the metal thin-film filter. An opening diameter of the
metal thin-film filter 1s smaller than a wavelength 1n the
second dielectric layer of an electromagnetic wave to be
transmitted, and a thickness of the first dielectric layer 1s
substantially equal to or thinner than the wavelength 1n the
second dielectric layer of the electromagnetic wave.




US 10,728,506 B2

3

A real part of a complex refractive index of a maternal that
torms the first dielectric layer may be larger than a real part
of a complex refractive index of a material that forms the
second dielectric layer.

The second dielectric layer may be formed also on an
emitting surface side of the metal thin-film filter.

A spacing between openings of the metal thin-film filter
may be set to a distance substantially equal to a wavelength
of the electromagnetic wave.

When the wavelength of the electromagnetic wave 1s
denoted by A and a real part of a complex refractive index
of the first dielectric layer 1s denoted by N, the spacing
between openings of the metal thin-film filter may be set to
a distance of 0.5A/N to 2.0A/N.

A shape of the opening of the metal thin-film filter may be
a circle, a square, or a cross shape or a square U shape 1n
which a horizontal to vertical ratio 1s 1:1.

A shape of the opening of the metal thin-film filter may be
an ellipse, a rectangular shape, or a cross shape or a square
U shape in which a horizontal to vertical ratio 1s not 1:1.

The openings of the metal thin-film filter may be arranged
1n a square array.

The openings of the metal thin-film filter may be arranged
in a triangular array.

The openings of the metal thin-film filter may be each
formed as a shit, and are aligned 1n a short side direction of
the slit.

According to an aspect of the present technology, a solid
state 1maging device includes: an optical filter including a
metal thin-film filter 1n which a plurality of openings are
periodically arranged, a first dielectric layer coating a sur-
face of the metal thin-film filter and formed so as to coat or
{111 an interior of the opening of the metal thun-film filter, and
a second dielectric layer having a refractive index lower than
a refractive index of the first dielectric layer and formed at
least on an 1ncidence surface side of the metal thin-film filter.
An opening diameter of the metal thin-film filter 1s smaller
than a wavelength 1n the second dielectric layer of an
clectromagnetic wave to be transmitted, and a thickness of
the first dielectric layer 1s substantially equal to or thinner
than the wavelength 1n the second dielectric layer of the
clectromagnetic wave.

According to an aspect of the present technology, an
clectronic apparatus includes: a solid state 1imaging device
including an optical filter including a metal thin-film filter 1n
which a plurality of openings are periodically arranged, a
first dielectric layer coating a surface of the metal thin-film
filter and formed so as to coat or fill an interior of the
opening of the metal thin-film filter, and a second dielectric
layer having a refractive index lower than a refractive index
of the first dielectric layer and formed at least on an
incidence surface side of the metal thin-film filter. An
opening diameter of the metal thin-film filter 1s smaller than
a wavelength 1n the second dielectric layer of an electro-
magnetic wave to be transmitted, and a thickness of the first
dielectric layer 1s substantially equal to or thinner than the
wavelength 1n the second dielectric layer of the electromag-
netic wave.

According to an aspect of the present technology, a first
dielectric layer coats a surface of the metal thin-film filter 1n
which a plurality of openings are periodically arranged, and
1s formed so as to coat or fill an 1nterior of the opening of the
metal thin-film filter, and a second dielectric layer having a
refractive index lower than a refractive index of the first
dielectric layer and formed at least on an incidence surface
side of the metal thin-film filter. An opening diameter of the
metal thin-film {filter 1s smaller than a wavelength 1n the
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4

second dielectric layer of an electromagnetic wave to be
transmitted, and a thickness of the first dielectric layer 1s
substantially equal to or thinner than the wavelength 1n the
second dielectric layer of the electromagnetic wave.

Advantageous Effects of Invention

According to an aspect of the present technology, it
becomes possible to suppress the occurrence of color mixing
due to wavelength components on the short wavelength side
relative to the desired transmission component.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s plan views showing examples of the structure of
a hole array filter.

FIG. 2 1s a perspective view and a cross-sectional view
showing an example of the structure of a conventional hole
array filter.

FIG. 3 1s a diagram describing optical characteristics of
the conventional hole array filter.

FIG. 4 1s a perspective view and a cross-sectional view
showing an example of the structure of a hole array filter of
the present technology.

FIG. 5 1s a diagram describing optical characteristics of
the hole array filter of the present technology.

FIG. 6 1s a diagram showing the simulation results of the
transmission characteristics.

FIG. 7 1s plan views showing other examples of the
structure of the hole array filter.

FIG. 8 1s plan views showing other examples of the
structure of the hole array filter.

FIG. 9 1s plan views showing other examples of the
structure of the hole array filter.

FIG. 10 1s a plan view showing another example of the
structure of the hole array filter.

FIG. 11 1s a block diagram showing an example of the
configuration of a solid state 1maging device to which the
present technology 1s applied.

FIG. 12 15 a circuit diagram showing an example of the
configuration of a pixel of the solid state imaging device to
which the present technology 1s applied.

FIG. 13 is cross-sectional views showing an example of
the configuration of pixels of the solid state 1maging device
to which the present technology 1s applied.

FIG. 14 1s a block diagram showing an example of the
configuration of an electronic apparatus to which the present
technology 1s applied.

DESCRIPTION OF EMBODIMENT(S)

Heremnbelow, embodiments of the present technology are
described with reference to the drawings.
<Examples of the Structure of the Hole Array Filter>

FIG. 1 1s a plan view showing examples of the structure
of a typical hole array filter to which the present technology
1s applied.

A hole array filter 11 shown in A of FIG. 1 1s configured
as a plasmonic filter by a plurality of opemings 22 being
arranged 1n a square array in a metal thin-film filter 21.
Further, a hole array filter 11 shown mn B of FIG. 1 1s

configured as a plasmonic filter by a plurality of openings 22
being arranged 1n a triangular array in a metal thin-film filter
21.

Although details are described later, 1n the hole array filter
11, the surroundings of the metal thin-film filter 21 are
covered with a not-shown dielectric layer.
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The metal thin-film filter 21 1s made of one of Al, Ag, Au,
Cu, and W, or 1s made of an alloy containing any of them,
and the thickness of the metal thin-film filter 21 1s set
between approximately 50 nm and 300 nm.

The opeming 22 1s formed such that the opening diameter
1s smaller than the wavelength of the electromagnetic wave
(light) intended to be transmitted.
<Structure of a Conventional Hole Array Filter>

Next, the structure of a conventional hole array filter 1s
described with reference to FIG. 2.

A of FIG. 2 shows a perspective view of a portion of one
ol openings 22 arranged in a triangular array and 1ts sur-
roundings cut out of a hole array filter 11, which 1s indicated
by the broken line in the drawing, and B of FIG. 2 shows a
cross-sectional view of a cut-out portion of one of the
openings 22 and its surroundings.

In particular, as shown 1n B of FIG. 2, 1n the conventional
hole array filter 11, both sides of the light incidence surface
side and the light emitting surface side of the metal thin-film
filter 21 are covered with a dielectric layer 23, and the
interior of the opening 22 is filled with the dielectric layer
23.

In the hole array filter 11 of such a structure, the disper-
sion relation of the surface plasmon 1s determined by the
relative permittivity and the magnetic permeability of the
metal that forms the metal thin-film filter 21 and the material
of the dielectric layer 23 in contact with the metal.

As shown i A of FIG. 3, an electromagnetic wave
incident on the incidence surface side of the hole array filter
11 1s propagated as surface plasmons through the interface
between the metal surface inside the opening 22 and the
dielectric layer 23, 1s thereby transmitted through the hole
array {ilter 11, and 1s emitted to the emitting surface side of
the hole array filter 11.

In the case where the wavelength of the electromagnetic
wave 1incident on the mcidence surface side 1s much shorter
than the opening diameter of the opening 22, the electro-
magnetic wave 1s transmitted as light (photons) through the
hole array filter 11 as shown in B of FIG. 3. In this case, the
cllective wavelength of the electromagnetic wave in the
dielectric layer 23 1s determined by the refractive index of
the dielectric layer 23.

Thus, 1n the conventional hole array filter, although the
opening diameter of the opening 1s formed so as to be
smaller than the wavelength of the electromagnetic wave
intended to be transmitted, light of a wavelength much
shorter than the opening diameter of the opening 1s trans-
mitted as light. That 1s, in the conventional hole array filter,
there has been a fear that color mixing will occur due to
wavelength components on the short wavelength side rela-
tive to the desired transmission component.

Furthermore, in the conventional hole array filter, since
the interference of surface plasmons between adjacent open-
ings greatly influences the transmission characteristics, there
has been a problem that transmission efliciency 1s degraded
unless a certain spacing between openings (period) 1s pro-
vided. For example, according to Non-Patent Literature 4, in
the case of a hole array filter formed of an Al thin-film, a
period of openings of approximately 5 um 1s needed.
<Structure of the Hole Array Filter of the Present Technol-
Ogy-

Next, the structure of a hole array filter to which the
present technology 1s applied 1s described with reference to
FIG. 4.

A of FIG. 4 shows, similarly to A of FIG. 2, a perspective
view of a portion of one of openings 22 arranged i a
triangular array and 1ts surroundings cut out of a hole array

10

15

20

25

30

35

40

45

50

55

60

65

6

filter 11, and B of FIG. 4 shows a cross-sectional view of a
cut-out portion of one of the openings 22 and its surround-
Ings.

As shown 1 A and B of FIG. 4, 1n the hole array filter 11
to which the present technology 1s applied, the surface of the
metal thin-film filter 21 1s coated with a dielectric layer 24,
and the mmner wall of the opening 22 i1s coated with the
dielectric layer 24.

Further, as shown in B of FIG. 4, for the metal thin-film
filter 21 coated with the dielectric layer 24, both sides of the
light 1ncidence surface side and the light emitting surface
side are covered with a dielectric layer 23, and the interior
of the opening 22 1s filled with the dielectric layer 23.

The opening 22 1s formed such that the opening diameter
1s smaller than the effective wavelength i the dielectric
layer 23 of the desired electromagnetic wave intended to be
transmitted.

Further, the spacing between openings 22 (period) 1s set
to a distance substantially equal to the wavelength of the
desired electromagnetic wave intended to be transmitted.
For example, when the wavelength of the desired electro-
magnetic wave intended to be transmitted 1s denoted by A
and the real part of the complex refractive index of the
dielectric layer 24 i1s denoted by N, the period of the
openings 22 1s set to a distance of 0.5A/N to 2.0A/N.

The dielectric layer 23 1s made of a material containing,
any of silicon oxide and magnestum tluoride. The dielectric
layer 24 1s made of one of silicon nitride, hafnium oxide,
aluminum oxide, titanium oxide, zirconium oxide, and tan-
talum oxide, or 1s made of a maternial containing any of them.

The dielectric layer 24 1s formed such that 1ts thickness 1s
substantially equal to or thinner than the effective wave-
length 1n the dielectric layer 23 of the desired electromag-
netic wave intended to be transmitted.

Further, the dielectric layer 24 has a refractive index
larger than the refractive index of the dielectric layer 23.
Specifically, the real part of the complex refractive index of
the material that forms the dielectric layer 24 1s set larger
than the real part of the complex refractive index of the
material that forms the dielectric layer 23.

In the hole array filter 11 to which the present technology
1s applied, the dispersion relation of the surface plasmon 1s
determined by the relative permittivity and the magnetic
permeability of the metal that forms the metal thin-film filter
21 and the matenal of the dielectric layer 24 in contact with
the metal. Since the real part of the complex refractive index
of the material that forms the dielectric layer 24 1s larger than
the real part of the complex refractive index of the material
that forms the dielectric layer 23, 1n the case of achieving
similar characteristics to the propagation characteristics and
the transmission characteristics of surface plasmons
described with reference to A of FIG. 3, the opening diam-
cter of the opening 22 can be set smaller and the period of
the openings 22 can be set shorter than 1n the structure of the
conventional hole array filter.

Even 1n this case, as shown 1n A of FIG. 5, an electro-
magnetic wave incident on the incidence surface side of the
hole array filter 11 1s propagated as surface plasmons
through the interface between the metal surface inside the
opening 22 and the dielectric layer 24, 1s thereby transmuitted
through the hole array filter 11, and 1s emitted to the emitting
surface side of the hole array filter 11, as a matter of course.

Further, since the dielectric layer 24 having a refractive
index higher than the refractive index of the dielectric layer
23 1s present also on the inner wall of the opening 22, the
opening diameter of the opening 22 1s smaller than in the
structure of the conventional hole array filter 11; therefore,
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as shown i B of FIG. 5, even when an electromagnetic
wave with a sitmilar wavelength to B of FIG. 3 1s incident on
the incidence surface side, the electromagnetic wave cannot
be transmitted as light (photons) through the hole array filter
11.

<Simulation Results of the Transmission Characteristics>

Here, the simulation results of the transmission charac-
teristics of the conventional hole array filter 11 and the hole
array filter 11 to which the present technology 1s applied are
described with reference to FIG. 6. The simulation 1s per-
formed using the finite-difference time-domain (FDTD)
method.

In the graph of FIG. 6, the horizontal axis represents the
wavelength of the electromagnetic wave, and the vertical
axis represents the relative transmittance. In the graph, the
broken line 1indicates the transmittance 1n the case where the
conventional hole array filter 11 1s optimized so that red light
1s transmitted, and the solid line indicates the transmittance
in the case where the hole array filter 11 of the present
technology 1s optimized so that red light 1s transmaitted.

As shown 1n the graph of FIG. 6, around the wavelengths
of 600 nm to 700 nm including red light, the transmission
characteristics depict substantially identical curves i1n the
hole array filter 11 of the present technology and the
conventional hole array filter 11.

On the other hand, around the wavelengths of 400 nm to
500 nm, 20% to 30% transmission components are present
at 400 nm to 530 nm 1n the transmission characteristics of
the conventional hole array filter 11. That 1s, blue light gets
color-mixed 1n the red light transmitted through the conven-
tional hole array filter 11.

This 1s due to the fact that, in the conventional hole array
filter 11, when an electromagnetic wave with a desired
wavelength 1s transmitted 1n the plasmonic mode, an elec-
tromagnetic wave with a wavelength shorter than the desired
wavelength 1s transmitted 1n the photonic mode.

In contrast, in the hole array filter 11 of the present
technology, although a peak of a transmission component
has appeared around the wavelength of 440 nm, transmis-
sion components are suppressed in the other wavelength
ranges as compared to the conventional hole array filter 11.

That 1s, 1n the hole array filter 11 of the present technol-
ogy, the wavelength range transmitted in the photonic mode
in the conventional hole array filter 11 can be shifted to the
short wavelength side.

Thus, by the structure of the present technology, the
transmission characteristics of the plasmonic mode can be
maintained while the contribution of the photonic mode 1s
suppressed 1n a desired wavelength range (e.g. the wave-
length range of visible light); as a result, 1t becomes possible
to suppress the occurrence of color mixing due to wave-
length components on the short wavelength side relative to
the desired transmission component.

Furthermore, by the structure of the present technology,
the transmission characteristics of the hole array filter 11 as
a plasmonic filter can be controlled by the dispersion rela-
tion of the surface plasmon determined by the metal that
forms the metal thin-film filter 21 and the dielectric layer 24
having a refractive index higher than the refractive index of
the dielectric layer 23, and therefore the period of the
openings 22 can be made smaller. Thereby, the size of the
hole array filter can be reduced while the transmission
characteristics are maintained, as compared to the conven-
tional structure. Furthermore, when the size of the hole array
filter 1s not made small, the number of openings 22 can be
increased, and therefore the robustness of the optical char-
acteristics can be improved.
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Although 1n FIG. 4 the inner wall of the opening 22 1s
coated with the dielectric layer 24, the entire interior of the
opening 22 may be filled with the dielectric layer 24.
<Other Examples of the Structure of the Hole Array Filter>

In the hole array filter to which the present technology 1s
applied, a plurality of openings are periodically arranged 1n
the metal thin-film filter as described above; the shape of the
opening may be an arbitrary shape.

FIG. 7 shows examples of the structure of the hole array
filter 1n which openings with various shapes are provided.

In the hole array filter 11 shown in A of FIG. 7, similarly
to the configuration described above, circular openings 22a
are arranged 1n a square array in the metal thin-film filter 21;
and 1n the hole array filter 11 shown 1n B of FIG. 7, square
openings 2256 are arranged in a square array in the metal
thin-film filter 21.

Further, 1n the hole array filter 11 shown 1n C of FIG. 7,
cross-shaped openings 22¢ are arranged 1n a square array in
the metal thin-film filter 21; and 1n the hole array filter 11
shown 1 D of FIG. 7, square U-shaped openings 22d are
arranged 1n a square array in the metal thin-film filter 21.

Although the shapes of the opening of the hole array filter
11 shown 1n FIG. 7 are shapes 1n which the horizontal to
vertical ratio 1s 1:1, shapes in which the horizontal to vertical
ratio 1s not 1:1 may be used as shown 1n FIG. 8.

In the hole array filter 11 shown 1n A of FIG. 8, elliptical
openings 22e are arranged 1n a square array in the metal
thin-film filter 21; and 1n the hole array filter 11 shown in B
of FIG. 8, rectangular openings 22/ are arranged 1n a square
array 1n the metal thin-film filter 21.

Further, 1n the hole array filter 11 shown 1n C of FIG. 8,
cross-shaped openings 22g in each of which the horizontal
to vertical ratio 1s not 1:1 are arranged 1n a square array in
the metal thin-film filter 21; and 1n the hole array filter 11
shown 1n D of FIG. 8, square U-shaped openings 22/ in each
of which the horizontal to vertical ratio 1s not 1:1 are
arranged 1n a square array in the metal thin-film filter 21.

Further, in the hole array filter to which the present
technology 1s applied, the openings periodically arranged in
the metal thin-film filter may be arranged in an arbitrary
arrangement pattern.

FIG. 9 shows examples of the structure of the hole array
filter 1n which openings are provided 1n various arrangement
patterns.

In the hole array filter 11 shown 1n A of FIG. 9, openings
22 are arranged in the metal thin-film filter 21 1n an
arrangement pattern 1n which the distances a and b between
two openings 22 adjacent 1n the horizontal direction and the
vertical direction are an equal distance and the angle
between the directions 1n which they are located 1s 90°, that
1S, 1n a square array.

In the hole array filter 11 shown 1n B of FIG. 9, openings
22 are arranged in the metal thin-film filter 21 1n an
arrangement pattern in which the distances a and b between
two openings 22 adjacent 1n the horizontal direction and the
vertical direction are diflerent distances and the angle
between the directions 1n which they are located 1s 90°.

In the hole array filter 11 shown 1n C of FIG. 9, openings
22 are arranged in the metal thin-film filter 21 1n an
arrangement pattern 1n which the distances a and b between
two openings 22 adjacent 1n the horizontal direction and the
vertical direction are an equal distance and the angle
between the directions 1n which they are located 1s 60°, that
1s, 1n a triangular array.

In the hole array filter 11 shown 1n D of FIG. 9, openings
22 are arranged in the metal thin-film filter 21 1n an
arrangement pattern 1n which the distances a and b between
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two openings 22 adjacent 1n the horizontal direction and the
vertical direction are diflerent distances and the angle
between the directions 1n which they are located 1s 60°.

As the shape of the opeming of the hole array filter 11
shown 1n FIG. 9, the shapes of the opening described with
reference to FIG. 8 or FIG. 9 may be used.

In the hole array filter to which the present technology 1s
applied, the opening formed 1n the metal thin-film filter may
be a through trench 1n a rectangular shape (a slit).

FIG. 10 shows an example of the structure of the hole
array filter 1n which the opening 1s formed as a slit.

In the hole array filter 11 shown 1n FIG. 10, the opening,
1s formed as a slit 31 1n a rectangular shape 1n the metal
thin-film filter 21, and slits 31 are aligned 1n its short side
direction.

In the hole array filter 11 shown 1n FIG. 10, the slit 31 1s
formed such that 1ts long side 1s longer than the wavelength
of the light that the hole array filter 11 allows to be
transmitted and 1ts short side 1s shorter than the wavelength
of the light that the hole array filter 11 allows to be
transmitted.

By such a structure, polarized light parallel to the long
side direction of the slit (the slit direction) can be reflected,
and polarized light perpendicular to the slit direction can be
transmitted; thereby, the hole array filter 11 can be made to
function as a light polarizing filter.

Thus, the present technology can be applied to hole array
filters including openings having the shapes and the arrange-
ment patterns described with reference to FIG. 7 to FIG. 10.
<Example of the Configuration of the Solid State Imaging
Device>

Next, an example of the configuration of a solid state
imaging device to which the present technology 1s applied 1s
described with reference to FIG. 11.

A solid state imaging device 51 shown 1n FIG. 11 may be
formed as a front-side illumination CMOS image sensor,
which 1s a kind of amplifying solid state imaging device, or
may be formed as a back-side illumination CMOS i1mage
sensor, some other amplitying solid state imaging device, or
a charge transfer solid state imaging device such as a CCD
1mage Sensor.

The solid state 1imaging device 51 shown 1 FIG. 11 has
a confliguration including a pixel array unit 61 formed on a
not-shown semiconductor substrate and a peripheral circuit
unit integrated on the same semiconductor substrate as the
pixel array unit 61. The peripheral circuit unit 1s composed
of, for example, a vertical driving unit 62, a column pro-
cessing unit 63, a horizontal driving unit 64, a PLL circuit
65, and a system control unit 66.

The solid state imaging device 51 turther includes a signal
processing circuit 67 and a memory 68.

The pixel array unit 61 has a configuration 1n which unit
pixels (heremnafter, simply referred to as pixels) each of
which includes a photoelectric conversion unit that gener-
ates and stores a light charge 1n accordance with the amount
of light received are two-dimensionally arranged in the row
direction and the column direction, that 1s, 1n a matrnx
configuration. Here, the row direction refers to the direction
of arrangement of pixels of the pixel row (the horizontal
direction), and the column direction refers to the direction of
arrangement of pixels of the pixel column (the vertical
direction).

In the pixel array unit 61, for the pixel arrangement 1n a
matrix configuration, a pixel driving line 1s drawn along the
row direction for each pixel row, and a vertical signal line 1s
drawn along the column direction for each pixel column.
The pixel driving line transmits a driving signal for per-
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forming driving at the time of reading out a signal from the
pixel. One end of the pixel driving line 1s connected to an
output terminal corresponding to each row of the vertical
driving unit 62.

The vertical driving unit 62 1s composed of a shift register,
an address decoder, etc., and drives all the pixels of the pixel
array unmt 61 simultaneously, alternatively 1n units of rows,
or 1in other manners. That 1s, the vertical driving umt 62,
together with the system control unit 66 that controls the
vertical driving unit 62, constitutes a driving unit that drives
cach pixel of the pixel array unit 61.

A signal outputted from each unit pixel of a pixel row
driven by the vertical driving unit 62 1s inputted to the
column processing unit 63 via each vertical signal line for
cach pixel column. The column processing unit 63 performs,
for each pixel column of the pixel array unit 61, a prescribed
signal processing on the signal outputted from each pixel of
the selected row via the vertical signal line, and temporarily
retains a pixel signal after the signal processing.

Specifically, the column processing unit 63 performs, as
signal processing, at least denoising processing, for example
correlated double sampling (CDS) processing. By the CDS
processing by the column processing unit 63, fixed pattern
noise peculiar to the pixel, such as reset noise and the
threshold varnation of an amplifying transistor in the pixel,
1s eliminated. The column processing umt 63 may be pro-
vided with, other than the denoising processing function, an
analog-digital (A/D) conversion function, for example, and
can thereby convert an analog pixel signal to a digital signal
and cause the digital signal to be outputted.

The horizontal driving unit 64 i1s composed of a shift
register, an address decoder, etc., and sequentially selects
umt circuits corresponding to the pixel columns of the
column processing unit 63. By the selective scanning by the
horizontal driving unit 64, pixel signals that have undergone
signal processing in the column processing unit 63 on a unit
circuit basis are sequentially outputted.

The system control unit 66 1s composed of a timing
generator that generates various timing signals using a clock
signal generated by the PLL circuit 65 as a reference, etc.,
and performs, on the basis of various timing signals gener-
ated by the timing generator, the driving control of the
vertical driving unit 62, the column processing unit 63, the
horizontal driving unit 64, etc.

The signal processing circuit 67 has at least an arithmetic
processing function, and performs various signal process-
ings such as arithmetic processing on a pixel signal output-
ted from the column processing unit 63. The pixel signal
outputted from the column processing unit 63 has only
intensity information corresponding to the color filter pro-
vided for each pixel; hence, the intensity information of a
color component of each pixel 1s restored from the 1ntensity
information of an adjacent pixel of a different color by
interpolation processing such as demosaic processing or
convolution processing. Further, processings such as white
balance and gamma correction, contour enhancement, and
image compression may be performed, and thereby the
image obtained can be restored to an 1mage faithiul to the
subject.

The memory 68 temporarily stores data necessary for
signal processing in the signal processing circuit 67.

The signal processing circuit 67 and the memory 68 may
be mounted on the same substrate (semiconductor substrate)
as the solid state imaging device 51, or may be placed on a
different substrate from the solid state 1imaging device 51.
Each processing of the signal processing circuit 67 and the
memory 68 may be executed as a processing by an external
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signal processing unit provided on a diflerent substrate from
the solid state 1maging device 51, such as a digital signal
processor (DSP) circuit or a software application.

In the case where the solid state 1imaging device 51 1s a
back-side illumination CMOS 1mage sensor, the solid state
imaging device 51 may be configured as a stacked CMOS
image sensor in which a semiconductor substrate including
the pixel array unit 61 and a semiconductor substrate includ-
ing a logic circuit are attached together.
<Example of the Configuration of the Pixel>
(Circuit Conﬁguratlon)

FIG. 12 1s a circuit diagram showing an example of the
configuration of the pixel placed in the pixel array unit 61.

As shown 1n FIG. 12, a pixel 71 1s placed at each point at
which pixel driving lines RST, SEL, and TRG connected to
the vertical driving unit 62 and a vertical signal line VSL
connected to the column processing unit 63 cross, and 1s
composed of a photodiode that performs photoelectric con-
version and several types of transistors for reading out a
signal stored.

Specifically, the pixel 71 includes a photodiode 81, a
transier transistor 82, a tloating diffusion 83, a reset tran-
sistor 84, an amphfylng transistor 83, and a select transistor
86.

The charge stored 1n the photodiode 81 1s transierred to
the floating diffusion 83 via the transier transistor 82. The
floating diflusion 83 1s connected to the gate of the ampli-
tying transistor 85. When the pixel 71 1s an object to be read,
the select transistor 86 1s set to ON, and the amplifying
transistor 85 1s driven as a source follower; thereby, a signal
corresponding to the amount of charge transierred to the
floating diffusion 83 1s read out to the vertical signal line
VSL as a pixel signal of the pixel 71. The charge transierred
to the tloating diflusion 83 1s reset by the resetting transistor
84 being set to ON.

(Cross-Sectional Configuration)

FIG. 13 1s cross-sectional views showing an example of
the configuration of the pixel 71 described above. A of FIG.
13 shows a perspective view of a portion of 2x2 pixels cut
out of pixels 71 arranged two-dimensionally in a matrix
configuration, and B of FIG. 13 shows a cross-sectional
view ol a portion of adjacent two pixels cut out of the pixels
71.

As shown 1n FIG. 13, in the pixel 71, a photoelectric
conversion unit 101 that receirves and photoelectrically con-
verts incident light 1s formed on a not-shown semiconductor
substrate. A light blocking wall 102 for preventing color
mixing between pixels 1s formed at the boundary with an
adjacent pixel 71 in the photoelectric conversion unit 101,
and a light blocking member 103 for preventing color
mixing between pixels 1s formed at the boundary with an
adjacent pixel 71 on the photoelectric conversion unit 101.

An optical filter 104 having spectral characteristics 1n
accordance with each pixel 71 1s formed on the photoelectric
conversion unit 101, and a microlens 105 1s formed on the
optical filter 104.

In FIG. 13, the hole array filter of the embodiment
described above 1s provided as the optical filter 104.

Specifically, as shown 1n B of FIG. 13, the optical filter
104 1ncludes a metal thin-film filter 111 in which a plurality
of openings 112 are periodically arranged, a dielectric layer
113 that coats the surface of the metal thin-film filter 111 and
1s Tormed so as to coat or fill the interior of the opening 112,
and a dielectric layer 114 that has a refractive index lower
than the refractive index of the dielectric layer 113 and 1s
formed at least on the incidence surface side of the metal

thin-film filter 111.
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The metal thin-film filter 111, the opening 112, and the
dielectric layers 113 and 114 shown 1n FIG. 13 correspond
to, for example, the metal thin-film filter 21, the opening 22,
and the dielectric layers 24 and 23 described with reference
to FIG. 4, respectively, and a description thereot 1s omitted.

The hole array filter basically does not transmit the
components on the side of longer wavelengths than the
wavelength range of the electromagnetic wave intended to
be transmitted 1n the plasmonic mode; therefore, by using
the hole array filter as a color filter of a solid state imaging
device that transmits the wavelength range of ultraviolet
light and visible light, infrared light on the side of longer
wavelengths than the wavelength range of visible light can
be cut. Thus, there 1s no need to provide an infrared cut filter,
and 1t becomes possible to reduce the cost for manufactur-
ng.

Furthermore, by the hole array filter to which the present
technology 1s applied, exclusively peaks in the photonic
mode out of the plurality of peaks in the transmission
characteristics that the conventional hole array filter has can
be selectively suppressed; therefore, by using the hole array
filter of the present technology as a color filter of a solid state
imaging device, exclusively a pixel signal of a desired color
component can be obtained for each pixel; thus, the calcu-
lation at the time of restoring RGB images or multi-color
images 1s simplified 1n the signal processing circuit that
performs signal processing on the pixel signal, and the
occurrence of color mixing and false color can be sup-
pressed and therefore the degradation of 1image quality can
be suppressed.
<Example of the Configuration of the Electronic Apparatus=>

Next, an example of the configuration of an electronic
apparatus to which the present technology 1s applied 1is
described with reference to FIG. 14.

An electronic apparatus 200 shown 1n FIG. 14 includes an
optical lens 201, a solid state imaging device 202, a driving
circuit 203, and a signal processing circuit 204. In FIG. 14,
a configuration in the case where the solid state 1maging
device 31 including the optical filter of the embodiment
described above 1s provided as the solid state imaging device
202 1n an electronic apparatus (e.g. a digital still camera) 1s
shown.

The optical lens 201 causes 1mage light (incident light)
from a subject to form an 1mage on the 1maging surface of
the solid state imaging device 202. Thereby, a signal charge
1s stored 1n the solid state imaging device 202 for a certain
period.

The dniving circuit 203 supplies a dnving signal that
controls the signal transfer operation of the solid state
imaging device 202. Based on the driving signal (timing
signal) supplied from the driving circuit 203, the solid state
imaging device 202 performs signal transfer. The signal
processing circuit 204 performs various signal processings
on a signal outputted from the solid state imaging device
202. A video signal that has undergone signal processing 1s
stored 1n a storage medium such as a memory, or 1s outputted
to a monitor.

In the electronic apparatus 200 of the embodiment of the
present technology, 1n the solid state imaging device 202, the
calculation at the time of restoring RGB 1mages or multi-

color images 1s simplified, and the occurrence of color
mixing and false color can be suppressed, the degradation of
image quality can be suppressed, and as a result an 1mage of
high 1mage quality can be obtained at a higher speed.
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The embodiment of the present technology 1s not limited
to the embodiments described above, and various alterations
are possible without departing from the spirit of the present
technology.

Additionally, the present technology may also be config-
ured as below.

(1)

An optical filter including;:

a metal thin-film filter 1n which a plurality of openings are
periodically arranged;

a first dielectric layer coating a surface of the metal
thin-film filter and formed so as to coat or fill an interior of
the opening of the metal thin-film filter; and

a second dielectric layer having a refractive index lower
than a refractive index of the first dielectric layer and formed
at least on an incidence surface side of the metal thin-film
filter,

wherein an opening diameter of the metal thin-film filter
1s smaller than a wavelength 1n the second dielectric layer of
an electromagnetic wave to be transmitted, and

a thickness of the first dielectric layer 1s substantially
equal to or thinner than the wavelength 1 the second
dielectric layer of the electromagnetic wave.

(2)

The optical filter according to (1),

wherein a real part of a complex refractive index of a
material that forms the first dielectric layer 1s larger than a
real part of a complex refractive index of a material that
forms the second dielectric layer.

(3)

The optical filter according to (1) or (2),

wherein the second dielectric layer 1s formed also on an
emitting surface side of the metal thin-film filter.

(4)

The optical filter according to any of (1) to (3),

wherein a spacing between openings of the metal thin-
film filter 1s set to a distance substantially equal to a
wavelength of the electromagnetic wave.

()
The optical filter according to (4),

wherein, when the wavelength of the electromagnetic
wave 1s denoted by A and a real part of a complex refractive
index of the first dielectric layer 1s denoted by N, the spacing

between openings of the metal thin-film {filter 1s set to a
distance of 0.5A/N to 2.0A/N.

(6)

The optical filter according to (1),

wherein the metal thin-film filter 1s made of Al, Ag, Au,
Cu, and W, or an alloy containing any of them.
(7)

The optical filter according to (1),

wherein a thickness of the metal thin-film filter 1s set
between 50 nm to 300 nm.
(8)

The optical filter according to (1),

wherein the first dielectric layer 1s made of silicon nitride,
hatnium oxide, aluminum oxide, titanium oxide, zirconium
oxide, and tantalum oxide, or a material containing any of
them.
9)

The optical filter according to (1),

wherein the second dielectric layer 1s made of a material
contaiming any of silicon oxide and magnesium fluoride.
(10)

The optical filter according to any of (1) to (9),
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wherein a shape of the opening of the metal thin-film filter
1s a circle, a square, or a cross shape or a square U shape 1n
which a horizontal to vertical ratio 1s 1:1.

(11)
The optical filter according to any of (1) to (9),
wherein a shape of the opening of the metal thin-film filter
1s an ellipse, a rectangular shape, or a cross shape or a square
U shape 1n which a horizontal to vertical ratio 1s not 1:1.
(12)
The optical filter according to any of (1) to (11),
wherein the openings of the metal thin-film filter are
arranged 1n a square array.
(13)
The optical filter according to any of (1) to (11),
wherein the opemings of the metal thin-film filter are
arranged 1n a triangular array.
(14)
The optical filter according to any of (1) to (9),
wherein the openings of the metal thin-film filter are each

formed as a slit, and are aligned 1n a short side direction of
the slit.
(15)

A solid state imaging device including:

an optical filter including

a metal thin-film filter 1n which a plurality of openings are
periodically arranged,

a first dielectric layer coating a surface of the metal
thin-film filter and formed so as to coat or fill an 1nterior
of the opening of the metal thin-film filter, and

a second dielectric layer having a refractive index lower
than a refractive index of the first dielectric layer and
formed at least on an incidence surface side of the metal
thin-film filter,

wherein an opening diameter of the metal thin-film filter

1s smaller than a wavelength 1n the second dielectric layer of
an electromagnetic wave to be transmitted, and

a thickness of the first dielectric layer 1s substantially

equal to or thinner than the wavelength in the second
dielectric layer of the electromagnetic wave.
(16)

An electronic apparatus including;:

a solid state 1imaging device including

an optical filter including
a metal thin-film filter in which a plurality of openings

are periodically arranged,

a first dielectric layer coating a surface of the metal
thin-film filter and formed so as to coat or fill an
interior of the opening of the metal thin-film {ilter,
and

a second dielectric layer having a refractive index
lower than a refractive index of the first dielectric
layer and formed at least on an incidence surface side
of the metal thin-film filter,

wherein an opening diameter of the metal thin-film filter

1s smaller than a wavelength 1n the second dielectric layer of
an electromagnetic wave to be transmitted, and

a thickness of the first dielectric layer 1s substantially

equal to or thinner than the wavelength 1 the second
dielectric layer of the electromagnetic wave.
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6. The optical filter according to claim 1, wherein

a thickness of the metal thin-film filter 1s set between 50
nm to 300 nm.

7. The optical filter according to claim 1, wherein

15

51 solid state 1maging device

71 pixel

104 optical filter

200 electronic apparatus

202 solid state 1imaging device 5

The invention claimed 1s:

1. An optical filter, comprising:

a metal thin-film {filter that comprises a plurality of
openings, wherein

the first dielectric layer comprises at least one of silicon
nitride, hafnium oxide, alummmum oxide, titanium
oxide, zircomium oxide, or tantalum oxide.

8. The optical filter according to claim 1, wherein

the second dielectric layer comprises a material of at least

the plurality of openings 1s periodically arranged mm a 10 P il 1 - fuorid
triangular array in the metal thin-film filter, 9 (%If N 101011;1 DRI Or(?lagnem?n.l 1110r1 he. .
in the triangular array a horizontal distance 1s different - 1he optical nilter ACCOTTIS 1o ¢ L, WHETE
from a vertical distance. a shape of gach opening ‘of the plurality of openings C{f the
the horizontal distance 1s a distance between a first metﬁal thin-film ﬁlj[er 15 d ref:taggular shape 1n which a
opening of the plurality of openings and a second 15 horlzonta} to vertical I'Eltl(?: 15 dliTBI’E}Il’[ from 1:1:
adjacent opening of the plurality of openings in a 10. The optical filter according to claim 1, wherein
horizontal direction, and cach opening of the plurality of openings of the metal
the vertical distance 1s a distance between the first thin-film filter 1s a slit,
opening of the plurality of openings and a third a first side of the slit 1s longer than a second side of the
adjacent opening of the plurality of openings 1 a 20 slit,
vertical direction; the first side of the slit 1s longer than a wavelength of the
a first dielectric layer on a surface of the metal thin-film incident electromagnetic wave,
filter, the second side of the slit 1s shorter than the wavelength
wherein the first dielectric layer coats an entire portion of the incident electromagnetic wave, and
of an 1nner wall of each opening of the plurality of 25  the plurality of openings 1s aligned 1n a short side direc-
openings of the metal thin-film filter; and tion of the slit.
a second dielectric layer having a first refractive index 11. A solid state 1maging device, comprising:
lower than a second refractive index of the first dielec- an optical filter including:
tric layer, wherein a metal thin-film filter that comprises a plurality of
the second dielectric layer 1s above an incidence sur- 30 openings, wherein
face side of the metal thin-film filter and below an the plurality of openings 1s periodically arranged 1n
emitting surface side of the metal thin-film filter, a triangular array in the metal thin-film filter,
an electromagnetic wave 1s 1mcident on the incidence in the triangular array a horizontal distance 1s dii-
surface side and transmitted to the emitting surface ferent from a vertical distance,
side, and 35 the horizontal distance 1s a distance between a first
a thickness of the first dielectric layer 1s equal to or opening of the plurality of openings and a second
thinner than an eflective wavelength of the transmiut- adjacent opening of the plurality of openings 1n a
ted electromagnetic wave in the second dielectric horizontal direction, and
layer. the vertical distance 1s a distance between the first
2. The optical filter according to claim 1, wherein 40 opening of the plurality of openings and a third
a first real part of a first complex refractive index of a first adjacent opening of the plurality of openings 1n a
material of the first dielectric layer 1s larger than a vertical direction;
second real part of a second complex refractive index a first dielectric layer on a surface of the metal thin-film
ol a second matenial of the second dielectric layer, filter,
the first complex refractive index 1s associated with the 45 wherein the first dielectric layer coats an entire
second refractive index of the first dielectric layer, and portion of an inner wall of each opening of the
the second complex refractive index is associated with the plurality of openings of the metal thin-film filter;
first refractive index of the second dielectric layer. and
3. The optical filter according to claim 1, wherein a second dielectric layer having a first refractive index
a spacing between two openings of the plurality of 50 lower than a second refractive index of the first
openings of the metal thin-film filter 1s set to a distance dielectric layer, wherein
equal to a wavelength of the electromagnetic wave to the second dielectric layer 1s above an incidence
be transmitted, and surface side of the metal thin-film filter and below
the spacing corresponds to a period. an emitting surface side of the metal thin-film
4. The optical filter according to claim 3, wherein 55 filter,
the wavelength of the electromagnetic wave 1s denoted by an electromagnetic wave 1s incident on the incidence
A, surface side and transmitted to the emitting sur-
a first real part of a first complex refractive index of a first face side, and
material of the first dielectric layer 1s denoted by N, a thickness of the first dielectric layer 1s equal to or
the first complex refractive index 1s associated with the 60 thinner than an effective wavelength of the trans-
second refractive index of the first dielectric layer, and mitted electromagnetic wave in the second dielec-
the spacing between the two openings of the metal tric layer.
thin-film filter 1s set to a distance of 0.5A/N to 2.0A/N. 12. An electronic apparatus, comprising:
5. The optical filter according to claim 1, wherein a solid state imaging device including;
the metal thin-film filter comprises one of Aluminum (Al), 65 an optical filter including:

Silver (Ag), Gold (Au), Copper (Cu), or Tungsten (W),
or an alloy of at least one of Al, Ag, Au, Cu, or W.

a metal thin-film filter that comprises a plurality of
openings, wherein
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the plurality of openings 1s periodically arranged
in a triangular array 1n the metal thin-film filter,

in the triangular array a horizontal distance 1is
different from a vertical distance,

the horizontal distance 1s a distance between a first 5
opening ol the plurality of openings and a
second adjacent opening of the plurality of
openings in a horizontal direction, and

the vertical distance 1s a distance between the first
opening of the plurality of openings and a third 10
adjacent opening of the plurality of openings 1n
a vertical direction;

a first dielectric layer on a surface of the metal

thin-film filter,

wherein the first dielectric layer coats an entire 15
portion ol an inner wall of each opening of the
plurality of openings of the metal thin-film
filter; and

a second dielectric layer having a first refractive

index lower than a second refractive index of the 20

first dielectric layer, wherein

the second dielectric layer 1s above an incidence
surface side of the metal thin-film filter and
below an emitting surface side of the metal
thin-film filter, 25

an electromagnetic wave 1s 1ncident on the inci-
dence surface side and transmitted to the emit-
ting surface side, and

a thickness of the first dielectric layer 1s equal to
or thinner than a second wavelength of the 30
transmitted electromagnetic wave 1n the second
dielectric layer.
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